Summary. A first order estimate of Curie depth and lithospheric thickness variation beneath the Indian region has been obtained using the available geothermic data. The Curie depth is found to vary from 18 to 68 km and the lithospheric thickness from 38 to 186 km. These estimates conform well with the MAGSAT and seismological findings. Both the parameters exhibit covariancy and suggest the possibility of approximating heat flow values and lithospheric thickness in geothermally uncharted areas using Curie point geotherm depths derived from airlsatellite-borne magnetic anomalies. Interestingly, the areas with shallow Curie depth and lithospheric thickness are found to be associated with a thin crust, higher heat flow, higher geothermal gradients and positive gravity anomalies, and vice versa. Large thickness estimate of magnetic crustal layer, extending below the Moho, demands a new conceptual understanding. The study has brought out a good case for wider use of magneto-thermometry and provides understanding of the geodynamic evolution of the Indian subcontinent.
Introduction
Information on characteristic variations of Curie depth and lithospheric thickness in different tectonic units of the world may provide a fundamental understanding of the evolutionary history of the Earth's crust and upper mantle. Curie point isotherm is usually defined as the temperature of 550 * 30°C (Mayhew 1982; Wasilewski & Mayhew 1982) at which Fe-Ti oxide minerals of the Earth lose their ferromagnetic property. The base of the lithosphere is defined differently by seismic and geothermal evidences. In seismic studies it is represented by the top of the low velocity zone, while in geothermics, it is adopted as mantle solidus (Gass ef al. 1978) . Global geotherms usually intersect the mantle solidus at a depth coincident with the top of the seismic low velocity zone, i.e. the base of the lithosphere (Chapman & Pollack 1977) , except in a few areas like West African shield where geothermal gradients are exceptionally low (-6-8°C km-', Chapman & Pollack 1974) , and low velocity zone is not well defined.
Until recently, the depth to the Curie point isotherm was generally assumed to be about 20 km, mainly due to the assumption that the average geothermal gradient over the continents is of the order of 25-30°C km-'. However, due to the availability and analysis of recent heat flow, MAGSAT and other geophysical data, it is now observed that the temperature-dependent depth to the Curie point isotherm is non-uniform and may range from 6 to 4 0 k m in general (Shuey er al. 1977 : Mayhew 1982 Lachenbruch & Sass 1977 ), but could also reach up to 7 0 k m in some cases (Von Frese, Hinze & Braile 1982) . Thus, it should be interesting to find out the nature of Curie depth and lithospheric thickness variations beneath a geodynamically mobile and geotectonically diversified region like the Indian subcontinent. As the magnetization at depth is temperature-dependent, we construct temperature-depth profiles using available heat flow data. It helps in the estimation of Curie depth and geothermal structure of the lithosphere. The obtained results will be discussed in the light of high mobility and evolutionary history of the Indian subcontinent.
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Major geotectonic settings and heat flow distribution
The mobile Indian land mass is characterized by complex geotectonic units of different ages from 3.8byr (Basu er al. 1981) to present. Geologically, it comprises three major units: (i) the Pensinular shield, (ii) the Himalayan mountain system, and (iii) the Indo-Gangetic plain. The Peninsular shield can be further classified into cratons and mobile belts. Dharwar, Singhbhum and Aravalli form three separate cratons (2.6 Ga) which are surrounded by Delhi, Satpura and Eastern Ghat mobile belts (2.0-1.5 Ga). The cratons are made up of granulitegreen stone terrains, whereas mobile belts are made up of moderate to high grade metamorphic rocks. On these cratons, development of sedimentary basins like Cuddapahs (1.7-1.4Ga) and Vindhyans (0.9-0.6 Ga) have taken place. Besides these, the Peninsular shield also comprises Gondwana basins (Palaeozoic-Mesozoic) and Deccan Traps (Upper Cretaceous-lower Eocene).
Most of these units of different geological history are studied by representative heat flow measurements. At present, data from as many as 70 locations are available, of which 52 values are published so far (Gupta & Rao 1970; Rao, Rao & Narain 1979; Gupta 1982; Gupta et al. 1982) . Available heat flow data can be grouped into 13 thermal regimes, based on their areal distribution and regional geotectonics (Fig. 1 , Table 1 ). The variation in heat flow is quite large, ranging from 26 to 107 mW m-? over different thermotectonic regimes of the Indian subcontinent.
Temperature-depth profiles
We assume an exponential decrease of heat production with depth, and calculate the temperature T a t a depthZ using the following relationship (Lachenbruch 1968) .
where To is surface temperature, K is thermal conductivity, A . is heat production, qr is reduced heat flow and D is exponential decay scaling parameter. In these calculations, To is taken as 25°C and following Chapman & Pollack (1974) , a uniform K of 2.5 W m-' OC-' is taken as an average for the entire crust. The adopted value for the thermal conductivity is reasonable for the crustal rocks in India; and variation of conductivity with depth would not have changed the calculated temperatures appreciably. Utilizing a step model equation (Roy, Blackwell & Birch 1968) , a calculation of temperature variation with a higher conductivity value ( K = 3.0) results in a variation of only 5 per cent in most cases. For the sake of consistency within the diagram (Fig. 2) , D is conventionally taken as lOkm (Decker & Smithson 1975; Sass & Lachenbruch 1979; Smith er al. 1979) which is appropriate considering the reported variation from 7.5 t o 14.8 km for the Indian shield by Rao, Rao & Narain (1976) . Their study is based on adequate reliable measurements of heat flow-heat generation, covering nearly the entire lndian shield. Adopted heat generation values ale based on the studies of Rao, Rao & Narain (1976) , Gupta (1981) and Rao & Rao (1983) . Other parameters of calculation are given in Table 1 . The derived temperatures are shown in Fig. 2 which clearly exhibits a large variation from region to region.
From the profiles obtained above, we derive the Curie depth assuming it to be at an average temperature of 550°C isotherm. Similarly, we adopt the base of the lithosphere, as so many others, as being the mantle solidus, i.e. the intersection of the geotherm with the peridotite incipient melting point curve (Gass et al. 1978) . Although the solidus may be affected by the volatile constituents and composition, it will not change our general conclusions. Both the calculated parameters are given in Table 2 (Agrawal, Thakur & Negi 1985; Mishra 1984) are also plotted in Figs 3 and 4. The estimates agree fairly well with each other except for the Dharwar region. However, this discrepancy is likely t o be caused due to low temperature oxidation of titanomagnetite below this region. In fact, the presence of titanoferrous magnetite intrusions have been recently reported by Jafri et al. (1983) in this region. This will give rise to Curie temperature as low as about 350°C (Haggerty 1978 ). If we consider this aspect, we indeed get a Curie depth of -38 km for the Dharwar region from the temperature depth profile (Fig. 2) . (Units 1-9 ). Dots and cross indicate the Curie depth range derived from MAGSAT data by Mishra (1984) and Agrawal, Thakur & Negi (1985) respectively.
As regards lithospheric thickness, no information, apart from surface wave dispersion studies (Bhattacharya 1974 (Bhattacharya , 1981 Gupta, Nyman & Landisman 1977) and an internatioiial DSS investigation (Kaila et al. 1983) , is available over the Indian subcontinent for compari- The minimum of both the parameters occurs below the northern part of the Cambay basin and the maximum below Dharwar schist belt. This finds support from gravity studies which indicates that the crust is thinner below the Cambay basin and thicker below the Dharwar schist belt (Qureshy 1971) . Interestingly, Curie depth and lithospheric boundaries are found shallow over most of the central parts of the country (Fig. 4) . This encompasses Tertiary and Meso-Palaeozoic sedimentary basins (many of them being hydrocarbon-and coal-bearing areas; Units 2, 3, 9-11) including the Singhbhum thrust zone (Unit 12). In a few areas like Aravallis, Deccan Traps, Peninsular gneiss and Cuddapah basin, the Curie depth coincides, more or less, with the base of the crust. As shown earlier, Fig. 2 indicates corresponding depths of the Curie temperatures and mantle solidus for different thermal regimes of India. A closer examination of these depths reveals that the temperature-depth profiles between 550 and 1250°C can be approximated by linear segments. The gross relationship between Curie depth (C,) and lithospheric thickness (LT) as derived from the exponential radioactivity model is given in Fig. 5 , and represented by the following equation:
(2) Using the correlation, one can estimate, within a limited accuracy, the approximate thickness of the lithosphere in areas where practically negligible heat flow or seismological data exist. For these regions, the depth to Curie point isotherm may be obtained from aeromagnetic or MAGSAT data. Such a procedure may have some advantages over the predicted lithospheric thicknesses obtained through derived-heat flow values (Chapman & Pollack 1977; Chapman, Pollack & Cermak 1979) using the relationship between measured heat flow and age of the tectonic element, the validity of which has been questioned recently by Rao, Rao & Reddy (1982) .
Curie depth mapping and heat flow estimates: a case for magnetothermometry
Once Curie depth is mapped, it may also be possible to roughly estimate the heat flow itself for any region. The relation between the two parameters is shown in Fig. 6 which suggests Variutions beneath the Indian subcontinent that the heat flow decreases exponentially with an increase in Curie depth. For comparison, Fig. 6 also includes the Curie depth estimates over the western United States as derived from the satellite magnetic data (Mayhew 1982) . A good agreement between the two types of data is obvious. However, the reliability of heat flow estimation will largely depend upon the accuracy with which (i) the Curie depth, (ii) crustal heat generation, and (iii) non-conductive component of heat flow, are determined.
Heat flow and lithospheric thickness
The relationship between heat flow and lithospheric thickness has been studied earlier by Chapman & Pollack (1977) and Crough & Thompson (1978) . Such a relationship derived from the present study for the Indian region is shown in Fig. 7 . In this figure, the data of heat flow versus depth to the low velocity zone for a few global regions (Archambeau, Flinn & Lambert 1969; Sclater & Francheteau 1970; Wickens 1971; Judge 1973; Costain & Wright 1973; Biswas & Knopoff 1974; Reiter et al. 1975; Cermak & Lubimova 1976; Gonez & Cleary 1976; Chapman & Pollack 1977; Chapman et of. 1979; Bram 1979; Horvath, Bodri & Ottlik 1979) are also plotted for comparison. The correlation between the two types of data seems remarkable which suggests that, on a global scale, thermal and mechanical properties of the Earth are correlatable. Therefore, in the absence of seismological information, estimation of lithospheric thickness from Fig. 7 should be possible, provided the heat flow is known.
Discussion of results
It is obvious from Table 2 and Figs 3 and 4 that beneath the Indian region, Curie depth and lithospheric thickness vary by about four times, the range being 18-68.5 km for Curie depth and 38.5-1 86 km for corresponding lithospheric thickness. As mentioned earlier, these estimates agree fairly well with those determined from MAGSAT and seismological investigations.
Variations of such large magnitudes in Curie depth have not been reported so far in the literature. Generally, the deepest level for the origin of the magnetic anomalies within the continental crust was taken to be about 20 km which is also the depth to the Curie point isotherm. Some recent studies (Hall 1974; Wasilewski 8t Mayhew 1982) have, however, pointed out that the lower crustal layer (20-35 km) may be more magnetic and variation in the thickness of this part of the crust could provide the source for long wavelength magnetic anomalies. The long wavelength anomalies observed by POGO and MAGSAT data indeed suggest subcrustal differences in magnetic behaviour. It may also imply that in areas where magnetization in the lower part of the crust is advocated (based on the long wavelength magnetic anomalies) the Curie level itself is deeper. The present study lends credence to such an inference and suggests that magnetic crust under some localities may extend to depths far below the Moho. Another interesting result of the present study is that beneath a single land mass the lithospheric base shows large undulations. Even in the areas of similar geological character, the lithospheric s t r u c t u r e varies significantly, viz. in the Gondwana basin (50-73.5 km), Tertiary basins (38.5-58.5 krn) and Precambrian cratons (53-186 km).
The study goes on further to reveal that Curie depth and base of the lithosphere tend to upwarp considerably beneath the younger and tectonically active regions. In these regions, surface heat flow and geothermal gradients are higher, crust is thinner (possibly due to subcrustal erosion caused by the rise in isotherms), and gravity anomalies are relatively positive. An example is the Cambay basin where surface heat flow and geothermal gradients reach to about IOOmW m-2 and 74.9 f 8°C km-' in places (Gupta 1981) . Conversely, Curie depth and lithospheric base sink down below the older areas, such as cratons, which have lost a considerable amount of heat with time. In these areas, surface heat flow and geothermal gradients are lower, crust is comparatively thicker and gravity anomalies are negative.
Implications of results and conclusions
Besides the above results, the study further indicates that:
(a) Average lithospheric thickness beneath the Indian shield is about 110 km, which is shallowest among other shields where thcknesses reaching to about 300-400 km have been reported (Chapman & Pollack 1977) . The shallow lithospheric thickness might be one of the dominating factors for exhibiting the largest mobility of the Indian plate, i.e. 9000 km during the last 180Myr. Interestingly, the velocity of the Indian plate was highest during the Early Tertiary-Late Cretaceous. It is, therefore, quite likely that the fast movements of the plate produced a substantial amount of additional heat at the base of the lithosphere due to frictional resistance. The input of additional heating to the already hotter upper mantle beneath the Indian shield may have been responsible for the Deccan Trap volcanism. Therefore, it appears that the thermal conditions of the lithosphere and its thickness may have significant constraints on the mantle rheology and plate motions.
(b) The Indian shield appears to have lost parts of its 180Myr-old lithosphere due to partial heating instead of thickening like other shields due to secular cooling and radioactive decay.
(c) Large-scale upper mantle inhomogeneities are expected beneath the Indian region.
(d) The three major cratons of the Indian shield, viz. Dhawar, Aravallis and Singhbhum (Naqvi, Rao & Narain 1974) which were responsible for the growth of the lndian subcontinent, are associated with large lithospheric thickness variations from 53 to 186 km suggesting different thermotectonic evolutionary history.
(e) A knowledge of Curie depth (derived from aeromagnetic and MAGSAT data) could possibly be used to obtain a first-order estimate of thickness of the lithosphere and a heat flow picture in a geothermally uncharted area. In addition, such an approach could evidently be very useful in inaccessible areas where elaborate logistics required in the heat flow measurements are too formidable. Further, this will be an aid to oil exploration programmes where temperature distribution plays a controlling role in the hydrocarbon maturation.
(f) In the light of tracking hot spots in the African region with the help of MAGSAT data (Phillips & Brown 1985) , the present study suggests hotspots at Cambay and Godavari basins in India.
